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  ﺷﻜﺮ وﺗﻘﺪﻳﺮ
  
ﺳﺒﺤﺎﻧﻪ ﻻﻧﺤﺼﻰ ﻋﻠﻴﻪ ﺛﻨﺎءًا هﻮ  ﻪاﻟﺤﻤﺪ ﷲ ﺣﻤﺪًا ﻳﻮاﻓﻲ ﻧﻌﻤﻪ وﻳﻜﺎﻓﺊ ﻣﺰﻳﺪ اﻟﻜﺮم ﻣﻨ
ًﺎ واﻧﻔﻌﻨﺎ ﺑﻤﺎ ﻋﻠﻤﺘﻨﺎ واﺟﻌﻠﻨﺎ ﻋﺎﻣﻠﻴﻦ ﺑﻤﺎ ﻌاﻟﻠﻬﻢ ﻋﻠﻤﻨﺎ ﻋﻠﻤًﺎ ﻧﺎﻓ .آﻤﺎ أﺛﻨﻰ ﻋﻠﻰ ﻧﻔﺴﻪ
ﻰ آﻞ ﻟﻤﺤٍﺔ وﻧﻔٍﺲ ﻋﺪد ﻓوﺻﻠﻰ اﻟﻠﻬﻢ وﺳﻠﻢ وﺑﺎرك ﻋﻠﻰ ﻣﻮﻻﻧﺎ ﻣﺤﻤﺪ وﻋﻠﻰ ﺁﻟﻪ . ﻋﻠﻤﻨﺎ
  .ﻠﻤﻚ ﺁﻣﻴﻦﻣﺎوﺳﻌﻪ ﻋ
  
رﺋﻴﺲ ﻗﺴﻢ هﻨﺪﺳﺔ اﻟﻤﻮاﺋﻊ  ﻣﺤﻤﺪ هﺎﺷﻢ ﺻﺪﻳﻖ/ اﻟﺪآﺘﻮرﻓﻰ اﻟﺒﺪء ﺟﺰى اﷲ ﺧﻴﺮًا 
  .ﺑﺎﻟﺠﺎﻣﻌﺔ ﻋﻠﻰ إﺷﺮاﻓﻪ ﻋﻠﻰ هﺬا اﻟﺒﺤﺚ وﺗﻮﺟﻴﻬﺎﺗﻪ اﻟﺘﻰ آﺎﻧﺖ ﻋﻮﻧﺎ ﻹآﻤﺎﻟﻪ
اﻟﺸﻜﺮ ﻣﻮﺻﻮل أﻳﻀًﺎ ﻷﺳﺮة ﻣﻌﻤﻞ اﻟﻬﻴﺪروﻟﻴﻚ ﺑﺎﻟﺠﺎﻣﻌﺔ ﻋﻠﻰ ﺗﻬﻴﺄﺗﻬﻢ ﻟﺠﻮ اﻟﻌﻤﻞ 
  .اﻟﺘﺠﺮﻳﺒﻲ وﻣﺴﺎﻋﺪﺗﻬﻢ ﻓﻰ اﻧﺠﺎزﻩ
  
وﺣﺪة -اﻟﻨﻴﻞ اﻟﻜﺒﺮى ﻟﻌﻤﻠﻴﺎت اﻟﺒﺘﺮولﺪ هﻨﺎ ﻣﻦ ﺑﺬل اﻟﺸﻜﺮ اﻟﺠﺰﻳﻞ ﻟﻠﺴﺎدة ﺷﺮآﺔ وﻻﺑ
ﻓﻰ آﻞ اﻟﻤﻮاﻗﻊ، ﻟﻠﻤﻌﻠﻮﻣﺎت اﻟﺘﻰ وﻓﺮوهﺎ ﺑﺴﺨﺎء واﻟﺘﺠﺎوب اﻟﻜﺒﻴﺮ ﻣﻊ  ﺧﻂ اﻷﻧﺎﺑﻴﺐ
  .هﺪاف اﻟﺪراﺳﺔأ
  
أﻣﺎ داﺧﻞ اﻷﺳﺮة واﻷﺻﺪﻗﺎء ﻓﻼ ﻳﻨﺴﻰ ﻓﻀﻠﻬﻢ ﺟﻤﻴﻌﺎ ﻓﻠﻘﺪ آﺎن اﻟﻌﻮن واﻟﻤﺆازرة ﻣﻦ 
داﺧﻞ اﻷﺳﺮة اﻟﻜﺮﻳﻤﺔ ﺑﺘﻮﻓﻴﺮ اﻟﺠﻮ اﻟﻤﻼﺋﻢ وآﺎﻧﺖ اﻟﻤﻌﺎوﻧﺔ ﻣﻦ اﻷﺻﺪﻗﺎء وﺳﺆاﻟﻬﻢ 
  .اﻟﺪاﺋﻢ ﻋﻦ ﺳﻴﺮ اﻟﺒﺤﺚ، آﻞ هﺬا ﺳﺎﻋﺪ آﺜﻴﺮًا ﻓﻰ اآﻤﺎل اﻟﺒﺤﺚ ﻓﺠﺰاهﻢ اﷲ ﺧﻴﺮًا
  
  .ﻦ ﻣﺮاﺣﻞ اﻟﺒﺤﺚ وﻟﻢ ﻳﺴﻊ اﻟﻤﺠﺎل ﻟﺬآﺮهﻢواﻟﺸﻜﺮ ﻣﻤﺘﺪ ﻟﻜﻞ ﻣﻦ ﺳﺎﻋﺪ ﻓﻲ أى ﻣ
ﻧﺴﺄل اﷲ اﻟﻌﻠﻰ اﻟﻘﺪﻳﺮ أن ﻳﻨﻔﻊ ﺑﻬﺬا اﻟﻌﻤﻞ اﻟﺒﺎﺣﺜﻴﻦ واﻟﻌﺎﻣﻠﻴﻦ ﻓﻰ هﺬا اﻟﻤﺠﺎل ﻣﻦ 
ﻣﺨﺘﻠﻒ اﻟﺘﺨﺼﺼﺎت ﺧﺪﻣﺔ ﻟﻠﺒﻼد واﻟﻌﺒﺎد وأن ﻳﺠﻌﻠﻪ ﻋﻤًﻼ ﺧﺎﻟﺼًﺎ ﻟﻮﺟﻬﻪ اﻟﻜﺮﻳﻢ وﻓﻖ 
  . اﷲ اﻟﺠﻤﻴﻊ اﻧﻪ وﻟﻰ ذﻟﻚ واﻟﻘﺎدر ﻋﻠﻴﻪ
ﻮﻻﻧﺎ ﻣﺤﻤﺪ وﻋﻠﻰ ﺁﻟﻪ ﻓﻰ آﻞ ﻟﻤﺤٍﺔ وﻧﻔٍﺲ ﻋﺪد وﺻﻠﻰ اﻟﻠﻬﻢ وﺳﻠﻢ وﺑﺎرك ﻋﻠﻰ ﻣ
 .ﻣﺎوﺳﻌﻪ ﻋﻠﻤﻚ ﺁﻣﻴﻦ
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Abstract 
 
The Restartability of the Sudanese Nile Blend crude oil inside 
pipeline was discussed to understand the parameters 
determining the yield stress and describe the process of yielding 
up to final line clearing. 
 
A Restart Rig model was used due to the small amount of 
sample, facilities available to precisely follow the cooling 
profile up to ten days, and the temperature range suitable for 
Nile Blend treatment. The shear rate levels investigated were 
ten. Tens of tests were performed at suitable repeatability. 
 
The yield stress of the Nile blend was found to be affected 
significantly by the aging time through the first three days and 
the static cooling rate after shutdown. Other less significant 
factors were the initial shear rate at restart and the final 
temperature after shutdown. 
 
The Nile blend was characterized by using different Yield stress 
models according to the type of cooling and the testing 
temperature. 
 
 
 
  VI egaP
 ﻣﻠﺨﺺ اﻟﺪراﺳﺔ
 
دراﺳﺔ اﻟﻌﻮاﻣﻞ  ﺖاﻋﺎدة ﺗﺸﻐﻴﻞ اﻟﻀﺦ ﺧﻼل ﺧﻂ اﻧﺎﺑﻴﺐ ﺧﺎم ﻣﺰﻳﺞ اﻟﻨﻴﻞ اﻟﺸﻤﻌﻲ ﺗﻄﻠﺒ
اﻟﻤﺆﺛﺮة ﻋﻠﻰ اﺟﻬﺎد اﻟﺨﻀﻮع ﻟﻠﺨﺎم ووﺻﻒ ﻋﻤﻠﻴﺔ اﻟﺨﻀﻮع ﺣﺘﻰ اﻟﻮﺻﻮل اﻟﻰ ﻣﻌﺪل 
 .اﻟﺴﺮﻳﺎن اﻟﻤﻄﻠﻮب
  
ﺟﻬﺎز ﻗﻴﺎس اﻟﻀﻐﻂ اﻟﻼزم ﻹﻋﺎدة اﻟﺘﺸﻐﻴﻞ اﻟﻤﺴﺘﺨﺪم ﻟﻬﺬﻩ اﻟﺪراﺳﺔ ﻳﺘﻤﻴﺰ ﺑﺎﺳﺘﺨﺪام 
ﺻﻐﻴﺮة ﻣﻦ اﻟﺨﺎم ﻣﻊ اﻣﻜﺎﻧﻴﺔ ﻋﺎﻟﻴﺔ ﻟﻤﺤﺎآﺎة ﻣﻌﺪﻻت اﻟﺘﺒﺮﻳﺪ وﻳﻐﻄﻲ ﻣﺪى ﻋﻴﻨﺔ 
ﻋﺸﺮة ﻣﺴﺘﻮﻳﺎت ﻟﻤﻌﺪل  وُﻓﺮت. درﺟﺎت اﻟﺤﺮارة ﻣﻨﺎﺳﺐ ﻟﻤﻌﺎﻟﺠﺔ ﺧﺎم ﻣﺰﻳﺞ اﻟﻨﻴﻞ
 . اﻟﻘﺺ ﻣﻊ ﻣﺴﺘﻮى ﺛﻘﺔ ﻣﻨﺎﺳﺐ ﻟﺘﻜﺮار اﻟﺤﺼﻮل ﻋﻠﻰ ﻧﻔﺲ ﻧﺘﻴﺠﺔ اﻟﺘﺠﺮﺑﺔ
 
وﺟﺪ أن اﺟﻬﺎد ﺧﻀﻮع ﻣﺰﻳﺞ اﻟﻨﻴﻞ ﻳﺘﺄﺛﺮ ﺑﺼﻮرة واﺿﺤﺔ ﺑﺘﻐﻴﺮ زﻣﻦ اﻟﺘﻘﺎدم ﺧﻼل 
هﻨﺎك ﻋﻮاﻣﻞ أﺧﺮى أﻗﻞ . اﻟﺜﻼﺛﺔ أﻳﺎم اﻷوﻟﻰ وﺑﻤﻌﺪل اﻟﺘﺒﺮﻳﺪ اﻟﺴﺎآﻦ ﺑﻌﺪ ﺗﻮﻗﻒ اﻟﻀﺦ
ﺗﺄﺛﻴﺮًا وهﻰ ﻣﻌﺪل اﻟﻘﺺ اﻟﻤﺒﺪﺋﻲ ﻋﻨﺪ اﻋﺎدة اﻟﺘﺸﻐﻴﻞ ودرﺟﺔ اﻟﺤﺮارة اﻟﻨﻬﺎﺋﻴﺔ ﺑﻌﺪ 
 .ﺗﻮﻗﻒ اﻟﻀﺦ
 
ﺳﺘﺨﺪام ﻋﺪد ﻣﻦ ﻧﻤﺎذج اﺟﻬﺎد اﻟﺨﻀﻮع ﺗﺒﻌﺎ ﻟﻨﻮع اﻟﺘﺒﺮﻳﺪ ﺧﺎم ﻣﺰﻳﺞ اﻟﻨﻴﻞ ﺑﺎ ُوﺻﻒ
  .ﺳﻮاء آﺎن ﺳﺎآﻨﺎ أم ﻣﺘﺤﺮآًﺎ ودرﺟﺔ اﻟﺤﺮارة اﻟﻨﻬﺎﺋﻴﺔ ﺑﻌﺪ ﺗﻮﻗﻒ اﻟﻀﺦ
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List of Symbols 
Symbol Description Unit 
c Compressibility of the oil m2/N 
cpr The permeability of the paraffin network m2 
d Diameter m 
dT/dt The rate of cooling of the oil. ˚C/min 
Eg The modulus of elasticity of the gelled oil. MN/mm2 
g Subscript for 'gelled oil' --- 
i Subscript for section next to pipeline wall --- 
k Herschel–Bulkley equation constant Pa.s 
l Length  m 
m,n Yield stress model exponents --- 
p Pressure Pa 
T Temperature ˚C 
t Time s 
t1 Time constant s 
y Subscript for 'yield point' --- 
γ Shear rate Sec-1 
μ Dynamic viscosity Pa.s 
μp Plastic viscosity Pa.s 
τ Shear stress Pa 
τy Yield stress Pa 
ω The percentage of solid wax content % 
 The coefficient of thermal contraction K-1 
ε Elastic deformation  --- 
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                                           Chapter 1 
Introduction 
 
 
Restarting flow inside a long pipeline occupies an important part 
in the planning and development of crude oil facilities. If the 
crude oil contains a significant percentage of wax, it will start to 
gel during cooling and high pressure is needed to put the 
pipeline into operation. 
 
The precipitation of wax determines the restartability of the oil 
after the end of shutdown, This restartability is quantified by the 
yield stress property of the oil. If the yield stress of the crude oil 
is less than the stress applied during the restart, then the pipeline 
is said to be restartable. This stress should not be greater than 
the pipeline material yield stress with a factor of safety. The wax 
deposition will not affect only the pipeline, but also all the 
facilities like the tanks, treators, heaters, etc. the phenomenon 
has also an economical impact. 
 
The restarting of pipelines should have a plan to overcome all 
the side-effects, and insure a safe operation due to the high cost 
of pipeline and associated facilities. 
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Studying the restartability of the crude oil, starts on the 
rheometer and controlled stress instruments for modeling.  Then 
bench scale loop tests are used with facilities to simulate the 
flow and cooling rate. The actual values of parameters are not 
simulated, but the tests help to understand the trend and effects 
of factors. It is to be followed by a large-scale loop with suitable 
dimensions to verify the results of the bench scale loop.  
 
A Sudanese crude oil called “the Nile Blend” is studied here, 
which contains a percentage of about 25% of wax. It is produced 
from Heglig fields in the south of Kordofan state. The crude is 
transported from the Heglig fields in the south west of Sudan 
inside a 1504 km- 71 cm pipeline to the Marine Terminal in the 
Red Sea via 6 pump-stations. 
 
The previous studies of Nile Blend was built on the rheometer 
data [1] [2], but here a bench scale test loop called “Restart Rig” 
is used to determine the restartability of the oil inside the loop.  
 
The Restart Rig cannot simulate the actual flow in the pipeline 
which is turbulent with high shear rates; also the diameter is 
very small so the cooling rate is faster than the actual cooling 
rate. The results were extrapolated to give the expected restart 
pressure values in the pipeline using a simple equation. 
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The second chapter is an overview of the topic starting with 
Definitions then stating the problem and significance of study, 
the economical impact, and description of the wax deposition 
phenomenon. 
 
The third chapter is discussing the yield stress term as the major 
parameter for determining the restartability of the crude inside 
the pipeline, a background about the terminology itself and the 
meanings derived from it, then the factors affecting the yield 
stress were investigated. At the end of the chapter the pipeline 
application is discussed.  
 
The fourth chapter deals with the yielding process itself, the 
mathematical and empirical formulas that describes it with a 
criteria to use them, then the yielding process stages and the 
modes of failure is discussed  .  
 
The fifth chapter is about the Pipeline restart practice. The 
Restart of pseudoplastic flow is discussed. The chapter also 
discussed the effect of shrinkage of plugged oil, the elasticity of 
both the oil and pipe, and the compressibility on the 
restartability of the pipeline flow.  
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The sixth chapter is a literature review of the topic in the local 
and international references and papers to draw the attention to 
the previous work in this field. 
 
The seventh chapter is a description of the restart rig model and 
Methodology of tests performed. Details were pointed out for 
sampling, preparations, test execution and readings’ logging 
inside computer. At the end of chapter, the results obtained were 
tabulated.      
 
The eighth chapter is the analysis and modeling of the Nile 
Blend, using the theories and models discussed in the preceding 
chapter to help investigating the restartability. Analysis 
discussed the main factors affecting the Nile Blend restartability, 
models of yield stress, and the yielding process modeling. 
 
The ninth chapter is the conclusions and recommendations of 
this study. Finally the references and appendices are detailed. 
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Objectives 
 
1. To determine the yield stress of the Nile Blend, using the 
Restart Rig, 
2. To study the effects of different factors on yield stress of 
Nile Blend, 
3. To describe the yielding process of Nile Blend inside 
Restart rig. 
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Chapter 2 
Restartability Overview 
 
 
The Restartability of pipeline flow that contains waxy oils is 
defined in this chapter, including a general description, 
significance of study, economical impact, the wax deposition. 
 
2.1 Definitions [3] 
 
2.1.1 Paraffin / Wax 
Wax -a constituent of the petroleum crude- is Paraffin 
Hydrocarbons (C18-C36) called 'parrafin wax' and Naphtenic 
Hydrocarbons (C30-C60). According to the temperature and 
pressure, wax can exist in different states of matter (gas, liquid, 
or solid). At freezing state, wax forms as crystals. 
Macrocrystalline wax is formed when paraffin wax freezes, 
while microcrystalline wax is formed from Naphthenes.  
 
2.1.2 Waxy Crude Oil  
The waxy crude oil is a combination of wax constituent as 
defined in 2.1.1, light and intermediate hydrocarbons, and heavy 
organic compounds including resins, aspheltine, etc. The heavy 
wax content of crude precipitates out when subjected to cooling 
process and start to form gels.  
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2.2 Problem description 
 
Paraffinic crude oils are widespread in the world. They may 
cause blockage of pipelines due to the continuous precipitation 
of its wax constituent. During the production, processing and 
transportation of waxy crude, part of wax formed does not 
disappear with the mechanical pigging and heating. The power 
required to maintain constant flow during production will 
increase as the wax thickness do. On the other hand, shut in and 
cooling below the pour point may form a strong gel and flow 
can not be restarted with the same pressure conditions for 
normal operation. The extreme result of gelling is the complete 
plugging of the pipeline (see figure 2.1). The blockage can be 
prevented by proper insulation and heating of the pipeline above 
the cloud point, but this method is limited to short pipelines. It is 
recommended for prevention of the blockage of long pipelines 
to study the fluid properties, production plans, condensation, 
deposition phenomena, facilities processing, chemical treatment 
and blending, maintenance practice, pipeline practice, and tank 
facilities. 
 
 
   
 
 .  
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2.3 Economical Impact 
 
One of the major draw backs from omitting restart plans of 
waxy oils is the economical impact, the shut down time means 
loss in the targeted daily production of the country so it has to be 
kept at minimum, in this case the oil prices will go high and this 
affect the market prices and transportation cost, also the amount 
of congealed oil inside pipeline should be taken into 
consideration specially in the cases of our country-Sudan which 
posses long oil pipelines in the order of thousand Kilometers 
and the congealed amount of oil will be three million barrels. 
The wax Deposition can lead to a complete blocking of a 
pipeline (see Figure 2.1) and the cost of remedy is more than the 
cost to build a new pipeline. 
 
Fig 2.1 complete wax deposition  
 
2.4  Wax deposition Phenomena  
 
The wax is found dissolved in the crude oil reservoir under the 
ground at high pressure and temperature. As the crude leaves out 
the reservoir, the temperature decreases and the solubility of 
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wax content become less. Thus, wax precipitates out of the 
solution and forms crystals. 
 
Moreover, when the crude enters pipeline, wax molecules flow 
from the centre line to the cold surfaces which are the pipeline 
walls by the convective flux (figure 2.2). This external flux is 
induced because of the temperature difference. On the other 
hand, an Internal Diffusion flux of wax molecules is responsible 
for the formation of the gel and the Aging. Aging is building up 
of gel structure over time. The layer of wax deposited will start 
to build up occupying larger part of cross-sectional area and thus 
increases the pressure needed to obtain the target daily 
production.  
Application of frequent mechanical pigging and scraping will 
decrease the amount of wax deposited, but it is limited due to 
economical considerations. [4] 
 
 
Fig. 2.2  Schematic of the wax deposition process reprinted from [4] 
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Chapter 3 
Yield Stress 
 
 
3.1. Definitions [5] 
 
A typical dictionary definition of the verb ‘to yield’ would be ‘to 
give way under pressure’ and this implies an abrupt and 
profound change in behavior to a less resistant state 
 
Penguin Dictionary of Physics [6] stated that ‘‘Yield point is a 
point on a graph of stress versus strain… at which the strain 
becomes dependent on time and the material begins to flow. It 
defines the Yield stress as the minimum stress for creep to take 
place. Below this value any deformation produced by an 
external force will be purely elastic. The Yield value the 
minimum value of stress that must be applied to a material in 
order that it shall flow’’. 
 
McGraw-Hill Dictionary of Science and Technology [7] defined 
Yield point as the lowest stress at which strain increases without 
increase in stress. Yield strength is the stress at which a material 
exhibits a specified deviation from (linear) proportionality 
between stress and strain’’. 
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Chambers Dictionary of Science and Technology [8]: 
‘‘Yield stress—the stress at which a substantial amount of 
plastic deformation takes place under constant load. This sudden 
yielding is characteristic of iron and annealed steels. In other 
metals, deformation begins gradually…’’ 
 
3.2. Factors Affecting the Yield Stress of Waxy Oils [9] 
The yield stress of the waxy oils is the stress needed to break 
down the wax structure and allow flowing of oil. The following 
factors will significantly affect the yield strength:  
1. Thermal History. 
2. Shear History. 
3. Aging.  
4. Composition. 
5. Gelation Stress. 
6. Wax Content. 
 
3.2.1 Variation of Yield Stress with Thermal History 
3.2.1.1 Temperature History [9] 
 
Cycling the crude oil inside the bottom reservoir can change the 
yield stress of it. How ever, this effect is found to take place 
when the said crude again exhibit a temperature cycling from an 
intermediate to high temperature but below the treatment 
temperature (70 °C). In the figure 3.1 samples of Prudhoe Bay 
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oil∗of different yield strengths have been prepared by subjecting 
them to various temperature cycles and then testing them at 
different temperatures. The yield stress increases as the crude oil 
is recycled many times. The beneficiated oil curve is the lowest 
yield stress; then the yield stress increases as sequential 
temperature cycling is applied for the same sample. The yield 
stress after a successive cycling will stop increasing. 
 
 
Fig 3.1  yield stress of temperature-cycled oil reprinted from [9] 
 
 
 
 
 
 
 
 
                                                 
∗ Trans Alaska, USA 
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3.2.1.2 Testing Temperature 
 
The level of temperature at which the yield stress is measured 
affects the yield stress. As the temperature decreases the yield 
stress increases until the pour point in which significant yield 
values start to be obtained. 
 
3.2.1.3 Cooling Rate [9] 
 
The crude oils transported inside long pipelines normally exhibit 
a very low cooling rate; it is difficult to simulate this rate inside 
laboratories. The treated oils tested in the bench scale 
instruments and small test loops (within laboratory) follows a 
rapid cooling rate (in the order of tenth or hundreds of degrees 
per minute). For the same treated oil samples, rapid cooling rate 
increases the yield stress. However, this is dependent on the type 
of cooling; static, dynamic, or under specific Gelation stresses.  
 
3.2.1.3.1 Static Cooling 
In the static cooling, if you make it slower the crude oil gel will 
be tougher, and hence the yield stress increases. The yield stress 
is dependent on how strong is the structure of gelled wax. The 
maximum wax crystal size is inverse proportional to the static 
cooling rate: 
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5.0
max )/(
−dtdTL α    (3.1) 
 
Where: Lmax is the maximum crystal length in the system. 
 
Lower cooling rates provide relatively long time for the wax 
crystals to build up. At high cooling rates, the wax crystal size is 
smaller. Thus, the formed gel strength will decrease leading to 
low yield stress.  
 
 
  
3.2 ◦C/min    19.4 ◦C/min  
Fig 3.2 Microscope Observation of Wax to Clear the Effect of Cooling Rate on the 
Size reprinted from [4] 
 
 
Figure 3.2 shows two samples cooled under low cooling rate. 
The wax crystal (platelets) formed at lower cooling rate is larger 
in size than fast cooling. 
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3.2.1.3.2 Cooling Under Applied Shear Stress [4] 
 
Cooling the oil under applied shear stress increases the yield 
stress with increasing the cooling rate (Figure 3.3). The shear 
stress tends to break the wax structure while pumping the oil. At 
lower cooling rates, the precipitation rate of wax crystal is 
slower than the breaking rate; such case forms weaker gel 
strength, thus low yield stress. On the other hand, for high 
cooling rates during pumping, the precipitation rate is faster than 
the breaking rate, which forms stronger gel strength, thus leads 
to high yield stress values.   
 
Fig 3.3 Increase in the yield stress with an increasing cooling rate [4] 
 
3.2.1.4 Mixing [9] 
 
Mixing Streams of oils at different temperature levels can result 
high yield stresses in the order of hundred fold. This is thought 
to be as result of the sudden shock cooling of the hot stream. 
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Other reason for that is the temperature cycling which affect by 
increasing the yield stress as discussed before. 
 
3.2.2 Variation of Yield Stress with Shear History[9] 
 
The high shear rates can result in high yield stresses for oil 
samples at temperatures below 37ºC ; this is applicable when the 
yield stress is measured at low temperatures.  
 
3.2.3 Variation of Yield Stress with Aging [9] 
 
It has been stated that the gel structure at rest will change with 
time evolution; the yield stress will continue to increase due to 
rebuilding upon the internal wax crystals.  
 
Two aspects of Aging are remarked. First, if the gel expresses 
excessive shear or temperature cycling, and then left at room 
temperature. The rebuilding will continue for as more as 48 
hours. Second, for the stabilized oil samples, after reaching the 
testing temperature; the rebuilding will take from 8 to 12 hours.  
 
It is important to consider the aging effect in yield stress tests. 
The samples should be left in the containers for at least 48 hours 
at room temperature before testing if they are fresh samples. 
Also, after reaching the testing temperature, the samples should 
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be left quiescent for at least 8 hours at testing temperature before 
testing the yield stress. 
 
3.2.4 Variation of Yield Stress with Composition [9] 
 
The oil composition can be changed when loosing part of its 
light-ends content, presence of emulsified water, or mixing with 
other different oils. 
 
The removal of light ends when contacting with air especially at 
high temperature can lead to significant increase in yield stress, 
but this is not effective at room temperature. 
 
The emulsified water of more than 1 percent can be a matter of 
consideration, and the yield stress increases as the water content 
increases. 
 
Finally, mixing a small oil sample with high yield stress with a 
great quantity of treated oil can generate a mixture of high gel 
strength close to that of the sample. 
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3.2.5  Variation of Yield Stress with Gelation Shear Stress[4] 
 
 
Fig 3.4 Variation of yield stress with the gelation shear stress: reprinted from [4] 
 
The magnitude of yield stress varies with the applied shear 
stress during the gelation of oil. This shear stress is termed 
‘gelation shear stresses. Referring to figure 3.4 above; at low 
shear stresses the yield stress increases as the gelation shear 
stress does. The reason is that the gelation stress tends to 
combine the wax crystals forming a strong gel formation. This 
trend continues until a maximum point of yield stress at an 
intermediate gelation shear stress (2 Pa). After this point the 
gelation shear stress tends to break out the wax crystal forming a 
weaker gel. Thus, the yield stress will decrease after the peak.  
 
The microscopic observation of the wax formation at different 
gelation shear stress is clearing the situation. Referring to figure 
3.5, picture (a) was taken for quiescent cooled sample of gelled 
Cooling rate 18 ˚C/min 
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oil. The wax crystals are relatively small. Moving to an 
intermediate shear stress (b), the wax crystals are larger in size. 
At high gelation shear stresses(c); the wax crystal s degraded to 
the smallest size of the three cases. Hence, the yield stress 
decreases as the gelation shear stress increases for high shear 
stresses (> 2 Pa). 
 
 
(a) No Shear stress   (b) Low Shear stress  (c) High Shear stress 
Fig 3.5 Wax crystal structure formed under shear reprinted from [4]  
    3.2.5.1 The Combined Effect of Gelation Shear Stress and 
Cooling Rate on Yield Stress [4] 
 
 
Fig 3.6 combined effect of cooling rate and shear stress on yield stress. Reprinted 
from [4] 
 
       CR 18 ˚C/min 
       CR   9 ˚C/min 
       CR 5.4 ˚C/min 
       CR 1.8 ˚C/min 
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The yield stress is dependent on both the gelation stress and the 
cooling rate. As stated above, the yield stress shows a maximum 
or peak as the gelation stress increases at a constant cooling rate. 
Now, when we plot the relation at different cooling rates a series 
of curves is generated as shown in figure 3.6. The cooling rate 
tends to delay the peak of the curve, and decrease the maximum 
value of the yield stress. The precipitation rate increases as the 
cooling rate increases, hence a higher gelation shear stress is 
needed to breakout the wax crystals. On the other hand, the 
relation between gelation shear stress and the yield stress at 
constant cooling rate was discussed before in section 3.2.1.3.2.  
 
3.2.6  Variation of Yield Stress with Wax Content [4] 
 
Fig 3.7 Variation of yield stress with the solid wax content reprinted from[4]. 
 
The wax content of the crude oil determines the gel strength of 
the formed gels. Increasing the solid wax of the oil due to aging 
process; increases the yield stress of the gel. The mechanism of 
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this formation is the internal diffusion of wax molecules. Figure 
3.7 shows that an exponential relation exists between the yield 
stress and the wax content; 
i.e. 
n
yαωτ     (3.2) 
 
Where (n) is an experimental exponent. 
For the wax-oil system n=2.3. 
 
The wax content range used in figure 3.7 is a typical one for 
shutdown pipelines. However, for gels formed under applied 
stresses (dynamic) is expected to be of a higher wax contents. 
 
3.3. Pipeline Application [4] 
 
Fig. 3.8 variation of yield stress with gelation shear stress at two different 
cooling rates inside a pipeline reprinted from [4] 
 
The rheometric studies can help in understanding the pipeline 
restart conditions. Moreover, it can be used to avoid critical 
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situations of complete plugging and failure to restart the flow. 
Looking to figure 3.8, the dotted curve expresses yield stress 
variation with gelation shear stress at a moderate cooling rate. It 
is obvious to avoid the peak zone shear stress using suitable 
means.  
 
When the pipeline comes to rest, sometimes Recirculation inside 
a closed loop is applied to the oil. According to figure 3.8 
shutdown condition will move from point ‘A’ which expresses 
the quiescent case, to an other point ‘B’, the yield stress is 
increased. On the other hand, the cooling rate would also be 
changed due to the recirculation and other curve should be used 
to predict the yield stress.   
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Chapter 4 
Yield Stress Modeling 
 
The Yield Stress Models and the Yielding process description 
are pointed out through this part of thesis… 
 
4.1 Mathematical Models 
 
The Bingham model [10] for complete gelled crude oils: 
 
            τ = τy + μp γ    (4.1) 
 
The Casson’s model [11] is an improvement of Bingham’s and 
used for the non-linear plastic flow: 
 
    γμττ py +=             (4.2) 
 
the Herschel Bulkley is a model with three parameters for more 
complicated fluids: 
 
        τ = τy + k γn     (4.3) 
 
The Bingham model fails to predict the yield stress when part of 
the oil is in liquid phase while yielding. In this condition it is 
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difficult to describe the shape of broken gel (not complete plug), 
also the distance of the yield surfaces from the wall. On the 
other hand, at very low shear rates; the viscosity tends to be 
infinite. Thus, a discontinuity in the numerical solution is 
existed. Papanastasiou [12] proposed a model to overcome these 
difficulties: 
 
 τ = μ γ + τy (1- e-m γ )    (4.4) 
 
 
This is applicable for Bingham materials. Complex fluids that 
behave as shear thinning are not modeled using this equation. 
 
A modified Herschel–Bulkley equation was raised by Mitsoulis 
and Abdali [13] to model the shear thinning oils. The viscosity 
term was defined as follows: 
 
μ = k γn-1     (4.5) 
 
Then, 
τ = k γn + τy (1- e-m γ )    (4.6) 
De Kee and Turcotte [14] write an expression for the viscosity 
of shear thinning fluids as : 
γμγτμ 111 ty e−− +=    (4.7) 
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H. Zhu, et al [15] proposed a generalized model using 
Papanastasiou model (equation 4.4) and De Kee and Turcotte 
one (equation 4.7): 
 
( )γγ τγμτ myt ee −− −+= 111        (4.8) 
 
4.2 Criteria for Using Mathematical Models 
 
Application of the mathematical models depends on the number 
of parameters needed to describe the trend line of the shear 
stress shear rate relation, then estimating the yield stress of that 
oil at different scenarios. 
 
The Bingham model contains the least number of parameters (μp 
and τy). The Casson model is a modification of Bingham’s, it is 
more complicated from mathematical point of view, but more 
accurate. The Herschel-Bulkley model is defined by three 
parameters (μp , k, and τy), and it is not referred to after Bingham 
and Casson's. The Papanastasiou model (equation 4.4) has three 
parameters (μ,τy, and  m) and is limited to the Bingham 
materials. The modified Herschel–Bulkley model (equation 4.6) 
has four parameters (k, n, , m , and τy). Finally the H. Zhu 
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generalized model (equation 4.8) has four parameters (μ,t1, m, 
and τy).  
 
4.3 The Yielding Process Modeling[16] 
 
The yielding process of gelled oils happens in three stages. First, 
the oil shows elastic response to the applied shear stress, 
followed by a creep stage, until fracture stage after which the oil 
flows. 
 
The elastic response stage is expressed using the elastic limit 
yield stress. Until this value of stress the gel can recover its 
structure. The next stage – the creep- is expressed by the static 
yield stress which produces non reversible wax crystal structure. 
The yielding process and the shearing process after fracture are 
described by the dynamic yield stress; all the properties at the 
sheared stage are dependent on this value. 
 
The different yield stresses are experimentally measured using 
three methods; controlled stress test, creep recovery test, and 
dynamic oscillation test. In the controlled stress test, the static 
and the dynamic yield stresses are measured, whereas, in the 
dynamic oscillation test, the elastic limit and the static yield 
values are measured. The creep recovery test is not described 
within this thesis. 
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In the controlled stress test, the shear stress is increased from 
zero to a maximum and the shear rate is logged. Then the shear 
tress is decreased until zero point. Figure 4.1 shows a typical 
example of a test executed for a DH 191 crude oil. The shear 
stress shear rate curve is plotted using test DATA. Point B 
demonstrates the start of fracture while the stress is increased, 
thus the shear stress at this point is recorded as the static yield 
stress. Point C is the end of fracture. the intersection of the 
linear extrapolation of the curve between point C and point D 
with the stress axis gives the dynamic yield stress. 
   
 
Fig 4.1 controlled stress test. Reprinted from [17] 
 
In the Dynamic Oscillation test, the stress is applied gradually 
from a small value that does not disturb the sample up to a one 
enough to break down the structure, at a small frequency ~1 Hz. 
The test enables estimation of the Elastic Limit Yield Stress and 
the Static Yield Stress. 
 
                                                 
1 DaiHung19 (DH19) With a pour point of 32°C, -supplied by Broken Hill Pty. Ltd-England 
 
 
Page 28 
The strain is recorded in this test rather than the shear rate. Loss 
Modulus (L) and Storage Modulus (S) define the fracture or the 
build up in the internal structure depending on the value of the 
strain. 
 
Figure 4.2 (a,b) shows graphs extracted from a Dynamic 
Oscillation Test DATA. In figure 4.2 (a) the stress strain graph 
is linear until point A; this is the elastic response region. After 
point A, creep response is observed by the deviation of graph 
from the linear trend. After point B the strain will increase 
significantly, which implies the fracture point. The stress at 
point A is recorded as the  Elastic Limit Yield Stress and stress at 
point B indicates the Static Yield Stress. In figure 4.2 (b), the 
loss and storage modulus (L, S) is plotted. There is a significant 
decrease in the values of (L) and  (S)  through the fracture region 
(point B- point C). 
 
  
Fig 4.2 Dynamic Oscillation test reprinted from [17] 
 
 
 
Page 29 
1 2 3 4 
4.4 Failure Modes of Gelled Waxy Oils [18] 
 
Four modes of failure are observed in the break down of the 
gelled waxy oils: 
1.Failure at Pipe Wall, complete plug, 
2.Failure at a Short Distance from Wall, Large 
Center-Line Plug 
3.Center-line Failure, Small Plug with Progressive 
Shear Thinning From Center to wall 
4.Complex Failure with Different Shear Thinning 
Rates Throughout Pipe, 
Fig 4.5 below illustrates the four modes.  
The change from one failure mode to another depends on the 
temperature at which failure happens, and on the cooling rate. 
 
 
 
   Fig 4.5. Failure Modes of Gelled Waxy Oils. Reprinted from [18] 
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Chapter 5 
Pipeline Restart Practice [19] 
 
The actual or practical Restart of flow inside pipelines 
delivering waxy crude oils is discussed in this chapter.  
 
5.1 Restart of Pseudoplastic Oils 
 
An equation that relates the pressure drop through pipeline to 
the yield stress of complete plugged oil is in the form: 
 
                                           
i
y
d
l
p
τ4=Δ                                     (5.1) 
 
The pressure drop Δp is directly proportional to the oil yield 
stress and the length of pipeline.  
 
Some circumstances should be present to apply this equation; 
the oil should almost fill the entire pipeline cross sectional area. 
In this case the shear stress is applied to the internal 
circumference area of the pipeline, and the pump pressure is 
perpendicular to the correctional area. The forces induced from 
these two pressures are equal. On the other hand, it is to assume 
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that the pipeline is incompressible, and elasticity effect is 
ignored. 
 
For the assumption above, it is to point out that the magnitude of 
the pressure drop estimated from this equation does not 
necessarily apply to actual pipeline; it is found to be of less 
magnitude for the commercial sized pipelines due to the proper 
treatment and sealing of that facilities. 
 
The end section of pipeline is open to atmosphere then equation 
5.1 gives the restart pressure needed. This pressure should 
exceed the yield stress of the oil material to break out the gelled 
structure. Once oil started to yield, a thin liquid oil film is 
induced and helps to move out the oil plug. This case is 
achievable in the laboratory tests and small scale instruments. 
 
In the actual pipeline; the elasticity of the pipeline material and 
the oil material add stress components to the equation 5.1. For 
safety precautions, the pipeline is not totally filled with oil, and 
there is a gap which is left to facilitate injection of hot oil in 
severe gelling cases. For these conditions, the actual pressure 
drop should be less than the complete plug structure. 
 
The actual Restart description from the initial wax precipitation, 
then gel formation, up to final fracture is discussed now. The 
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wax structure will start to form with gaps allowing liquid oil to 
flow through the internal formation, this step should follow the 
Darcy equation. If the breakdown or line start up starts 
sometime before the complete formation of crystals (complete 
gel), then a hetrodesperse suspension is formed. The flow rate in 
this case is low, then the wax structure will exhibit an elastic 
deformation. The restart pressure gradient will be less than the 
complete gelled pipeline. It is thought that the destruction of the 
paraffin structure and the ratio of the pressure applied to the 
yield stress of the cooled oil inside the pipeline are the key 
factors which influences the restart story. 
 
Two main factors are influencing the restart operation, the 
Shrinkage of plugged oil and the Elasticity of both oil and 
pipeline material.  
 
5.2 Shrinkage of Plugged Oil 
 
The shrinkage of oil due to cooling cut down the plugged gel to 
discrete segments with air gaps, the gelled structure will 
disconnect from the pipe wall, and the far ends of the core of 
gelled structure will be separate from the next plug. The 
shrinkage may collapse the wax crystal and the structure will 
change. 
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The cooling down starts from the layers near the walls towards 
the axial centerline of the pipeline. The gelling will follow the 
cooling trend, and liquid oil may exist around the centerline, 
which in turn fill some of the gaps which the shrinkage left. 
 
To build a mathematical base for shrinkage let us discuss the 
system shown by figure 5.1 a shutdown case of a pipeline 
connected to a tank with an open valve, the other end is closed 
by an end valve. 
The shrinkage in the oil volume is given by: 
 
                                          dt
dTlTβυ =                                     (5.2) 
 
Where  l   is the distance from the closed valve, 
 
The pressure gradient is: 
 
                                            
prcdl
dp μυ=                                   (5.3) 
 
The shear stress and the pressure applied are related by the 
equation: 
                                             
id
i
dl
dp τ4=                                     (5.4) 
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This implies: 
                                   
pr
T
i
i cdt
dTld μβτ
4
=                                  (5.5) 
 
Equation 5.5 gives the distribution of shear stress in figure 5.1. 
The shear stress near the closed valve is minimal, then it 
increases in the direction of the tank, at some point the stress 
will exceed the yield point and the plug breaks down, the part of 
oil after this point is in a hetrodesperse phase with an average 
stress. 
 
 
 
Fig 5.1 shear stress distribution along stopped line 1 reprinted from [19] 
The length of the pipeline that remains plugged is estimated by: 
 
                                     μβ
τ
T
yprc
dt
dT
id
gl
4=                                  (5.6) 
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Considering the actual pipelines, shrinkage will leave cavities, 
and in the cases of high pressure pipelines the cooling will 
shrink the oil plug and the pipe material in the same time. Thus 
the gaps are reduced. It is preferable to reduce the length of the 
oil plug to ease restarting of the pipeline. The movement of 
liquid oil to fill the gaps should be limited in order to prevent 
complex formation of gel structure which is hard to break. Many 
solutions are supposed for this, one of which is the releasing of 
the stressed sections via gravity drainage then closing tank 
valves to prevent pipeline from seeping of liquid oil from the 
tank.  
5.3 Elasticity 
 
Fig 5.2 elasticity of pipeline and oil effect in restarting of pipeline reprinted from [19] 
 
The elasticity property of both the pipeline material and the 
gelled oil is an important factor in the Restart of actual 
τ1 
P1 
P2 
l
τre 
P
τ
τi2 
τe 
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pipelines. Considering a system as shown in figure 5.2; when 
the pump starts to inject oil inside pipeline after a period of 
shutdown, pressure will increase the deformation of  the gelled 
oil; on the other end the remaining back pressure of the tank 
bottom also increases the elastic deformation; thus the whole 
pipeline is under elastic deformation. Shear stress increases from 
the pump side towards the tank direction, and at a distance lg 
approaches the value of oil yield stress; the stress will decrease 
drastically due to the breakage of structure. The elasticity of oil 
is used to estimate the gelled length of pipeline.  
 
For the gelled oil the displacement zg is given by the elasticity 
equation: 
                                            
g
ii
g E
dz τ=                                      (5.7) 
 
This displacement reaches its maximum at the point where shear 
stress is equal to the yield stress, the displacement in this point is 
termed zgy, and the elasticity equation will take the form: 
 
                                    
y
gy
iy
gy
g d
z
E τ
ε
τ ==
1
                                 (5.8) 
 
 Then we can write for the gelled  section  of  the  pipeline  in  
which τi ≤ τy : 
 
 
Page 37 
 
                                         ii
y
gy
g dz ττ
ε=                                   (5.9) 
5.4 Compressibility 
 
The compressibility of the pipeline material and the gelled oil is 
influencing the deformation of gelled oil along the pipe length. 
The following equation gives the relative deformation due to 
pressure: 
 
                                           pcdl
dzg =                                    (5.10) 
 
The pressure gradient along the pipe length from Eqs 5.4, 5.9, 
and 5.10 is given by: 
 
                                0
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                                (5.11) 
 
if   p=p2, τi= τi2 and l= 0 at the end of pipeline then the gelled oil 
length lg can be: 
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The value depends on the shear stress τi2, at the end section of 
pipeline. As τi2 decreases the length lg is reduced. It is important 
to apply a suitable back pressure near the tank to decrease the 
length of the gelled oil. Two approaches are available to perform 
this pressurization; either to shut down the valve connecting end 
section to the tank or to inject hot oil from the end towards the 
pump side. 
 
The gas entrapped inside pipeline due to vaporization or 
contraction drastically affects the compressibility of the system. 
It is found that a percentage of 2 % by volume of cavities may 
increase the compressibility by an order of 250 times. Thus the 
gelled length of the pipeline will eventually decrease. 
 
Finally it is important to study the shear and the thermal history 
of the gelled oil samples to verify the effect of these factors, also 
the distribution of temperature along the pipeline which is 
another field of research.  
 
In addition to the factors outlined above, the gel properties 
affecting startup are appreciably influenced by mechanical and 
thermal prehistory of the gel, and by the fact that gel 
temperature will not as a rule be constant along the pipe (it will 
decrease).  
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Chapter 6 
Literature Review 
 
The Yield Stress term was discussed earlier. Here a background 
of the research done on the Yield Stress starting from the earliest 
and simplest model of Bingham. 
 
Earlier Bingham [10] suggests the linear relationship between 
the shear stress and shear rate at high shear rates and carefully 
selected flow conditions. He used the model to estimate the 
yield stress of the material as the intersection with the stress 
axis. 
 
Marcus Reiner [20] recounts that Bingham model work well for 
clays, oil paints, toothpaste, drilling mud, chocolate etc., all of 
course over very limited ranges of shear rate… 
 
He found that the shear stress shear rate curve can be 
extrapolated at a definite slope until it diminishes on the origin 
point. Even though Bingham stated this behavior as a plastic 
flow, the new flow curve was termed ‘pseudoplastic’ to 
distinguish it from the Bingham one, and it has no yield point.  
 
 
 
Page 40 
Houwink [21] defined the yield stress as the first appearance of 
deformation of the material out of elastic response. He discussed 
the creep and defines it as the deformation of material after 
stress exceeds certain value. The material is said to be flowing if 
this rate of deformation is constant. From this definition of flow 
it appear that there may exist a type of fluid motion under the 
yield stress value. 
 
He described three yield stresses. The upper yield stress is the 
point at which shear stress vs. shear rate curve deviate from 
linearity and noticeable deformation occurs. The linear 
extrapolation will give the second yield stress (the Bingham 
value), and the last one will be estimated from experimental data 
under very low shear rates at the intersection of the stress axis. 
 
George Scott Blair [22] stated the difference between a behavior 
called plastico-viscous in which shear stress is a function of 
shear rate after yield point, and pure plastic behavior. 
 
In Early post-war Rheology conferences Casson [11] found the 
relation between the square roots of shear stress and shear rate to 
be linear. In the same manner he estimated the yield stress from 
intersection point with stress axis. 
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Wilkinson [23] studied the equations describing the flow of 
Bingham plastic materials after the yield stress, inside the 
concentric cylinders of the rotational instruments. By plotting 
The torque and the rotational speed curve he came out with the 
yield stress and the plastic viscosity, which is an important index 
for the flow curve. He used the Buckingham’s equation to 
calculate the flow rate and then Reynolds number, coming up 
finally to the friction factor. 
 
Barnes and Walters [5] studied the viscosity shear-rate curve, 
from a high-viscosity very-low shear-rate region, through a 
power-law region to a low-viscosity high-shear-rate region. It 
was enough for them to use linear model for yield stress. The 
Yield Stress decreases as the level of shear rate at which it is 
measured decreases. The cross model is sufficient and no yield 
stress component needed. 
 
T. K. Perkins et. al. [9] Concluded that The apparent yield 
strength of Prudhoe Bay crude oil1 is influenced by its 
temperature history, shear history and composition. The gelled 
crude behaves is pseudoplastic and thixotropic at small shear 
rates, and it is Newtonian at high shear rates. If the gel is left 
quiescent for a number of hours the internal structure rebuild. 
 
                                                 
1 in Alaska, USA 
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They went on, that the yield strength at a given temperature is a 
function of Shear rate and shear strain. They developed 
Concepts and equations to predict yield behavior of gelled 
thixotropic oils in pipe. They verified the relationships 
experimentally in laboratory equipment, and determined two 
additional variables that must be controlled in order to get 
consistent initial yield pressures; these are shear rate and 
compressibility  
 
Scott Miles et. al. [18] stated that gelled oils have got many 
failure modes when studied under different gelling temperatures. 
There is a transitional temperature at which failure shifts from 
one mode to another. They also noted that failure mode is highly 
dependent on cooling temperature and cooling duration. 
 
R.Venkatesan et. al. [4] based their work on rheometric studies 
of the yield strength of gelled oil under both static and dynamic 
cooling trends. It was found that the yield stress decreases with 
increasing cooling rate at static cooling. If the cooling is 
performed under dynamic conditions then the yield stress 
depends on the level of shear stress applied during cooling. 
Studies were verified by observing the gelled oil at different 
conditions under 3d polarized light microscopy device.  
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Cheng Chang and D.V. Boger [16] studied the effect of the 
temperature and cooling rate on the three yield stresses used to 
describe the yielding process of two crude oils. They used the 
Casson model to describe the gelled oil at intermediate 
temperatures and the Bingham model for the complete gelled oil 
below the pour point. They pointed that isothermal holding time 
has no effect on the structure of gelled oils under study. They 
concluded that different waxy crude oils should be studied 
individually for the Restartability.   
 
Khadijah Hashim Abdallah [1] studied the Nile Blend in the 
Rheometre and compared the viscosity curves at rapid cooling to 
the slow cooling. She developed a software for research and 
development, follow up, and simulation of conditions in 
laboratory. In the model the restart pressure can be calculated 
for any distance along the pipeline.   
 
Mysara Eisa Mohyaldinn [2] stated that the Nile Blend has 
different flow behavior at different ranges of temperature. The 
crude behaves as Newtonian fluid at very high temperatures, and 
as a non-Newtonian mostly pseudoplastic at particular 
temperature below the abnormal temperature1 and above gel 
point. Below gel point, the crude posses a yield stress. He 
                                                 
1 Temperature at which wax start to form at a significant rate 
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noticed a strong thermal-hydraulic dependency both in operation 
and shutdown conditions.  
 
He prepared a Software for operation and shutdown conditions 
of the Sudan pipeline. He observed that the available pumps for 
Nile Blend pipeline are able to restart the flow after shutdown 
unless the crude is cooled below its gel point. The crude 
solidification point can be reduced by using Pour Point 
Depressants (PPDs).  
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Chapter 7 
Restart rig model and Methodology 
7.1 The Restart Rig Model 
 
Figure 7.1 Schematic of Restart Rig Model     Figure 7.2 Restart Rig Photo 
 
The Restart Rig model was offered for the University of 
Khartoum by Champion Technologies, UK in 2002. the Rig is 
installed in the fluid mechanics laboratory-department of 
Mechanical Engineering. The Model is a bench scale test loop 
consisting of the following parts (figures 7.1, 2): 
1. Test Pipe 
2. GRANT Programmable Water Bath, 
3. MASTERFLEX Peristaltic Pump  
4. Heating Tape with Thermal Fuse 
5. Oil Reservoir   
6. IKAMAG Magnetic Stirrer  
7. PICO Data Logger  
8. RS Pressure Transducer 
9. PICO PT100 Temperature Sensor  
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7.1.1 Test Pipe 
 
Figure 7.3 Test Pipe 
 
The Test Pipe is a Steel coil (ID = 4.3 mm, length 1000 mm) 
with additional length of 120 mm outside the water bath. The 
Test Pipe is immersed inside the water bath. 
 
7.1.2 GRANT Programmable Water Bath 
 
 
Figure 7.4 GRANT Programmable Water Bath 
 
Manufactured by GRANT Ltd, UK, the water bath is a low 
temperature one working in temperatures between -20˚C and 
100 ˚C. It is equipped with heating and cooling devices (Figure 
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7.4). It controls the temperature precisely, has got a suitable rate 
of heat removal, and has got a wide range of convenient 
programming features. See Annex I for the manual. 
 
7.1.3 MASTERFLEX Peristaltic Pump 
  
Pump Drive      Pump Head 
Figure 7.5 MASTERFLEX Peristaltic Pump 
 
Manufactured by Masterflex, USA, the Peristaltic pump model 
7553-87 is a variable speed (1-100 rpm), see driven by a 
modular controller (figure 7.5). It is using plastic precision tubes 
to transfer crude from oil Reservoir through it to the Test Pipe. 
See Annex II for the manual. 
7.1.4 Heating Tape with Thermal Fuse 
The Heating Tape is used to heat all external loop parts. It is 
controlled from the PICO Data Logger. See figure 7.6. 
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   Figure 7.6    Heating Tape with Thermal Fuse 
7.1.5 Oil Reservoir 
 A 500 mL Pyrex bottle, see figure 7.7 below.  
 
Figure 7.7 Oil Reservoir 
7.1.6 IKA WERKE Magnetic Stirrer  
 
Figure 7.8 Magnetic Stirrer 
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Model IKAMAG device is used for gentle heating with stirring 
facility. It is used in the Restart model here to control the oil 
temperature and to make the oil sample homogenous. The heater 
temperature and the magnetic bar speed are controlled by 
switches (figure 7.8). See Annex III for the manual. 
7.1.7 PICO Data logger  
This Logger has got six channels, and can be connected to 
computer via serial port (Figure 7.9). The software attached 
allows multiple views for editing and logging at the same time. 
DATA can be exported to Microsoft Excel sheet. See Annex IV 
for software features. 
 
Figure 7.9 Pico Data Loggers 
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7.1.8 RS Pressure Transducer 
  
 
Figure 7.10 pressure Transducer 
 
The Pressure Transducer (Figure 7.10) is installed at the inlet of 
the test pipe. The outlet of the test pipe is open to the 
atmosphere during the restart stage. Thus the reading of the 
Pressure Transducer gives the Restart Pressure. The pressure 
range of the transducer is 0-6bar. See Annex V for manual. 
7.1.9 PICO PT100 Temperature sensor  
See Annex VI for specifications and figure 7.11 below. 
 
Figure 7.11 PT 100 Temperature Sensors 
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7.2 Samples 
 
Sample IDs 
1 NBHG70Feb02 is a Nile blend crude oil sample collected 
from Heglig Central Processing Facility (CPF) and received 
at University of Khartoum on February 2002. 
2 NBMT70sept06  is a Nile blend sample collected from 
Marine Terminal in September 2006. 
3 NBHG70feb07 is a Nile blend sample collected from Heglig 
CPF and received at University of Khartoum on February 
2007. 
 
• The sample is left under the sun for long time to dissolve, 
and then it is shaken (agitated) before been transferred to 
the rig. 
• A number of 500 mL samples enough for a package of the 
tests was used each time to ensure same base for 
comparison. 
• An additional water bath was used for preheating. 
 
 
 
 
 
 
 
 
Page 52 
7.3 Test procedure 
7.3.1 Loop preparation 
7.3.1.1 Oil sample was heated inside reservoir to 95°C. 
7.3.1.2 Oil sample was cooled within reservoir rapidly to 
70°C. 
Pre-shutdown procedure 
7.3.2.1 Test pipe and tubes were heated to 70°C. 
7.3.2.2 The sample was charged to the reservoir bottle at (70-
75) °C. A magnetic stirrer bar was inserted and 
stirring started. Inserting a thermometer monitored 
temperature, where necessary the heating facility on 
the magnetic stirrer was used to help keep the crude 
at the correct temperature.  Attention was paid to 
apply very gentle heat input with the magnetic stirrer. 
The temperature of the plastic tubes and metal pipes 
was kept at the same temperature by using the 
heating tape around each. . 
7.3.2.3 The 3-way valve was turned towards the drain pipe 
outlet, see figure 7.1. Flow was started at a low flow 
rate (speed no 3) until oil recovered from the outlet of 
the 3-way valve, then the pump was stopped. 
7.3.2.4 The 3-way valve was turned towards the bath and 
pump was restarted. This time flow was increased to 
a medium – high rate (speed 7) and oil was pumped 
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to the coil, flowing was kept until a steady stream 
flew from the outlet. It was a continuous flow with no 
evidence of air bubbles in the stream. By then the coil 
was filled with oil from reservoir. 
7.3.2.5 The cooling profile was started. A step cooling 
approach was used, lowering the temperature of the 
bath a few degrees at a time, in order to follow the 
test-cooling profile as closely as possible. 
Test Pipe cooling-Profile 
Static Cooling 
Step to 71° C  
Ramp to 60° C in 2 hours  
Ramp to 40 ° C in 10 hours  
Ramp to 35 ° C in 2 hours  
Ramp to 27 ° C in 3 hours 
Dynamic cooling 
 The loop outlet from bath was connected to the 
reservoir via an elastic tube to make it a closed loop, 
then pump was started at max speed (12) to obtain a 
high shear rate close to actual pipeline shear rate. A 
dynamic cooling profile was started to reach 
temperature T1 after time duration t1, then the pump 
was stopped and a static cooling profile follows to 
final temperature T2 at duration t2, some tests 
 
 
Page 54 
contains two static cooling segments with 
temperature limits T2, T3 and durations t2, t3. 
Restart procedure 
7.3.3.1 After completion of the cooling cycle and shut –in 
time, The Pico logger was turned on, also the stirrer 
to heat the rig components to 70 ˚ C, the 3-way valve 
was turned towards the pump and it was restarted 
(speed 3) to re-establish flow of hot oil.  
7.3.3.2 The flow was stopped and the PICO log data capture 
system was started .The system was allowed to run 
for a few minutes to record a data base line before 
running the test. 
7.3.3.3 The flow to the system was checked and the pump 
was stopped .The 3-way valve was turned towards 
the bath and the pump was started in the other side at 
a speed near to 0 for the static cooling tests and a 
number of selected shear rates (γ) for dynamic tests 
.The build up of pressure was monitored on the data 
logger, until the pressure began to fall. The highest 
pressure was registered as the Restart Pressure.   
7.3.3.4 After completion of the test, the data logger was 
stopped and the file was saved as *.plw, and saved as 
*.txt for Excel transformation. 
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7.3.3.5 The bath, tubes and pipes were heated to the start 
temperature to allow easy cleaning of test coil for the 
next test. 
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7.4 Results 
 
The Yield Stress is estimated from Equation 5.1 
l
dp i
y ×
×Δ=
4
τ  Pa 
Where  
Δp ≡ Restart pressure as measured by the Rig 
di = 0.71 m ,l = 1.5x106 m, for Nile Blend Pipeline. 
  
7.4.1 NBHG70Feb02 
Table 7.1 Static Cooling Tests of NBHG70Feb02 
No 
Shutdown 
Duration 
Temperature 
of shut-in (°C) 
Yield Stress 
(Pa) 
Date of 
test 
1. 1 day 25 42.6 19-02-02 
2. 7 days 25 43.1 27-02-02 
3. 1 day 25 41.1 28-02-02 
4. 2 day 25 42.2 02-03-02 
5. 3 day 25 41.8 06-03-02 
6. 1 day 30 42.2 07-03-02 
7. 1 day 28 40.5 11-03-02 
8. 1 day 23 43.3 13-03-02 
9. 2hrs 25 44.4 19-03-02 
10. I DAY 25 45.4 23-03-02 
11. 2 DAYS 25 46.1 27-03-02 
12. 2 HRS 23 45.3 03-04-02 
13. 2 HRS 28 42.6 13-04-02 
* Refer to figure 8.4 
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7.4.2 NBMT06 
 
Table 7.2 Static Cooling Tests of NBMT06 
No 
Shutdown 
Duration 
Temperature 
of shut-in (°C) 
Yield Stress 
(Pa) 
Date Of Test 
1.  1 DAY 27 14.8 4-Mar-06 
2.  1 day 20 42.8 5-Mar-06 
3.  1 wk 27 84.2 11-Nov-06 
4.  1 day 35 1.1 15-Nov-06 
5.  3days 27 127.3 14-Nov-06 
* Refer to figure 8.4 
 
7.4.3 NBHG70feb07 
7.4.3.1 Static Cooling 
Table 7.3 Static Cooling Tests of NBHG70feb07 
No 
Shut In Period 
(days) 
Temperature 
of shut-in (°C) 
Yield  Stress 
(Pa) 
Date Of Test 
1. 2 35 4.7 10-Apr-07 
2. 5 27 34.9 1-Apr-07 
3. 5 25 98.3 16-Apr-07 
4. 1 27 68.8 18-Apr-07 
5. 5 27 118.7 23-Apr-07 
6. 10 27 12.6 3-May-07 
7. 2 27 157.6 5-May-07 
8. 4 27 18.5 9-May-07 
9. 2 27 105.8 12-May-07 
10. 3 27 40.6 16-May-07 
* Refer to figure 8.1 
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7.4.3.2 Dynamic Cooling 
Table 7.4 Dynamic Cooling Tests of NBHG70feb07 
Test no 
PPD1 γ T1 D1 T2 D2 Yield Stress Date 
  ppm Sec-1 ˚C hours ˚C hours Pa 
1.  0 7 56 6 25 12 108.09 11-08-07
2.  0 7 56 2 25 2 55.59 12-08-07
3.  0 4 56 2 25 2 40.15 13-08-07
4.  100 4 56 2 25 2 37.06 14-08-07
5.  100 7 56 2 25 2 30.88 15-08-07
6.  200 4 56 2 25 2 33.97 16-08-07
7.  200 7 56 2 25 2 26.25 18-08-07
8.  300 4 56 2 25 2 46.32 19-08-07
9.  300 7 56 2 25 2 40.15 20-08-07
10.  300 15 56 2 25 2 49.41 21-08-07
11.  300 7 56 4 25 4 24.71 26-08-07
12.  0 7 56 4 25 4 151.33 27-08-07
13.  300 7 56 8 25 4 24.71 28-08-07
14.  200 15 56 2 25 2 30.88 28-08-07
15.  200 10 56 2 25 2 29.34 29-08-07
16.  200 11 56 8 25 2 44.78 29-08-07
17.  200 7 56 8 25 2 27.79 02-09-07
18.  200 7 56 22 25 2 32.43 03-09-07
19.  200 7 56 2 25 22 38.60 04-09-07
20.  200 7 56 2 25 8 27.79 05-09-07
21.  200 7 37 2 25 8 26.25 08-09-07
22.  200 7 45 2 25 8 23.16 10-09-07
23.  200 7 35 2 25 8 24.71 11-09-07
24.  200 7 36 2 25 8 29.34 12-09-07
25.  200 7 35 2 35 8 4.63 15-09-07
26.  200 7 30 2 25 8 44.78 20-09-07
* Refer to figures 8.2, 8.3, and 8.5. 
                                                 
1  PPD is initials for Pour Point Depressants a chemical used to improve restartability. 
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Chapter 8 
Nile Blend Crude Oil Restartability Data Analysis 
 
The test results tabulated in preceding chapter together with the 
observations made on tests are discussed in this chapter. 
8.1 Analysis of Factors Affecting the Yield Stress of the Nile 
Blend 
 
The effect of many factors on yield stress was discussed in 
chapter 3; this discussion was driven from foreign references 
and about paraffin crudes other than the Sudanese crude oil 
investigated in this research. 
 
We focus on the effect of the three main factors affecting the 
yield stress on Sudanese crude samples (Nile Blend); they are 
the thermal history, aging, and shear history. Refer to the results 
of the tests tabulated in chapter 7.  
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8.1.1 Thermal history 
8.1.1.1 Testing Temperature 
ty = -0.0716T2 + 3.1056T + 9.759
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Fig 8.1 Effect Of Testing Temperature on Nile Blend Yield Stress (Data in table 7.3) 
 
The yield stress increase as the testing temperature decreases 
(figure 8.1). The cooling allows the wax to precipitate out and 
form a stronger structure. The relationship exhibits a quadratic 
function within the temperature range of 23- 28 ˚C. 
 
8.1.1.2 Cooling Rate 
The static cooling here used to describe the profile of cooling 
from the temperature of pipeline shutdown to the testing 
temperature. This profile precedes the dynamic cooling profile.  
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8.1.1.2.1. Static Cooling 
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Fig 8.2 Effect of Static Cooling Rate on Nile Blend Yield Stress (Data in table 7.4) 
 
During the static cooling wax precipitates out of the oil solution, 
if the cooling takes long time (slow static cooling) there is 
always enough time for wax crystal to enlarge its volume, thus 
we get high value for the yield stress. As the static cooling rate 
increases wax crystals are smaller. Hence, the yield stress is 
lower. 
 
Hence, as the static cooling rate increases the yield stress is 
decreased for the limited time for the wax to precipitate. Also, 
the yield stress becomes independent of static cooling rate for 
cooling rates more than 3.9˚C/min (figure 8.2).  
 
It is very important here to introduce the effect of aging because 
the crude sample will continue to rebuild their wax crystals after 
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reaching the testing temperature, so it is to leave the sample for 
12 hrs before testing its yield stress. Also any sample with 
extreme thermal history should be left for 48 hrs before testing, 
by that time it will have reached the final formation of wax 
crystals.  
 
8.1.1.2.2. Dynamic Cooling 
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Fig 8.3 Effect of The Dynamic Cooling on Nile Blend Yield Stress (Data in table 7.4) 
 
Fig 8.3 above shows that the yield stress decreases as the 
dynamic cooling rate increases. This is against the description of 
the effect of dynamic cooling rate on the yield stress stated in 
chapter 3. The dynamic cooling tends to build up the wax 
structure during the pumping of the crude oil. Thus, the yield 
stress increases.   
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This deviation from the trend is expressed by the time which the 
sample takes to cool statically after the pump shutdown. For the 
point A in figure 8.3 the static cooling takes 22 hrs, which is 
enough to reach the final structure, while for the test in the point 
B it is 8 hours, and the structure is expected to continue building 
up. 
Moreover, The Data between dynamic cooling rates of 8 ˚C/min 
and 15 ˚C/min is not available and we can not be sure of the 
trend along this range. 
 
8.1.2 Aging effect 
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Figure 8.4 Effect of Aging on the Nile Blend Yield Stress(Data in table 7.1,7.2) 
The Restartability of the Sudanese crude oil is significantly 
affected by the static aging periods. As we can see on Fig 8.4, 
the magnitude of the yield stress increases rapidly during the 
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first three days and after that a slight decrease happens which is 
in terms of human and device errors. There is no significant 
increase in the yield stress after three days. 
 
8.1.3 Restart Shear Rate 
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Figure 8.4 Effect of Restart Shear rate on the Nile Blend Yield Stress(Data in table 7.4) 
 
The shear rate at restart affects the restartability, but it is a slight 
effect (figure 8.5). If a shear rate of (7 s-1) is used the yield stress 
is decreased to the minimum, where as for shear rates lower or 
higher the yield stress is higher. 
 
It is important to pay attention to the final shear rate before 
shutdown which may affect the yield stress; the reason is that 
this shear value is responsible for the gelation shear stress 
during shutdown which in turn affects the yield stress. 
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For tests performed during this study, the final shear rate was 
kept the same for them as a uniform base of comparison. Also 
the steady state shear rate is kept the same as possible. 
 
8.2 Models of the yield Stress of the Nile Blend 
 
The Sudanese crude oil in the quiescent cooling to temperatures 
near pour point (± 5˚C) can be modeled using Bingham model. 
It is pseudoplastic or yield-pseudoplastic when restarted at 
temperatures above those temperatures, or when dynamic 
cooling takes place (shear applied). A Casson Model or a 
Herschel-Bulkley one can be used in this case... 
 
8.3 The Yielding Process Modeling for the Nile Blend 
 
  During the tests execution, it was observed that the quiescent 
cooled samples gels breaks out with a plug type of formation 
after long time (236 sec at average) due to the ‘complete’ gelling 
and slower movement, whereas in dynamic cooled ones quick 
breakout is observed (after 27 sec at average), and the gel 
formation is coming out into viscous or retarded ‘complex’ 
heterodisperse suspension state, this was due to the degradation 
of wax crystals networks by shear stress applied during 
pumping. 
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Chapter 9 
Conclusions and Recommendations 
 
Conclusions 
Investigation on the Nile Blend Sudanese crude oil came out 
with: 
1. The yield stress increases as the testing temperature is 
lowered, the relationship between the Yield Stress & 
Testing temperature is a quadratic function. 
2. As the static cooling rate increases the yield stress is  
decreased. The yield stress is independent of the static 
cooling rate for cooling rates more than 3.9˚C/min. 
3. The yield stress of Sudanese crude decreases with 
increasing dynamic cooling rate. This is due to the less 
static cooling time available for the wax structure to 
complete building up.  
4. The magnitude of the yield stress increases rapidly during 
the first three days of Aging, there is no significant 
increase in the yield stress after that. 
5. If a shear rate of (7 sec-1) is used during Restart; the yield 
stress is decreased to the minimum, where as for shear 
rates lower or higher than 7 sec-1 the yield stress is 
increased. 
6. The quiescent cooled sample forms a plug shape gels at 
restart and breaks out after comparatively long time. 
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7. The dynamic cooled sample forms a viscous or retarded 
gels at restart and breaks out after short time. 
 
Recommendations 
 
It is recommended from this study to do:  
1. A complete study of the effect of static cooling on the 
yield stress,  
2. A complete study of the effect of combined dynamic and 
static cooling on yield stress, 
3. A study of combinations of steady, final, and restart shear 
rate effect on the yield stress, 
4. A study of the effect of change in composition on the yield 
stress of the Nile Blend crude oil, 
5. A study of the effect of gelation shear stress on the yield 
stress of the Nile Blend crude oil. 
 Page 68 
 
 
 
 
 
 
 
 
 
Appendixes 
 
 
 
 
 
 
 
 
 
 
 
 Page 69 
 
 
 
 
 
 
 
Appendix I 
 
 
GRANT Water Bath  
Model LTC 6-30 
 
 
 
 
 
 
 
 
 
 Page 70 
 
 
 Page 71 
 
 
 Page 72 
 
 Page 73 
 
 
 
 
 
 
 
Appendix II 
 
 
MASTERFLEX Peristaltic Pump Manual 
 Model 7553-87 Manual 
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IKAMAG Stirrer Manual 
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PICOLOG software Features 
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Pressure Transducer Manual 
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PICO PT 100 Temperature sensor 
specifications 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Page 82 
 
 
 
 
 
 
 
 
 Page83 
References 
1.  Khadijah Hashim Abdallah, 2006 
Prediction of Temperature,  Rheological and Physical Properties 
of The Nile Blend Crude Oil,  
PhD, Department of Chemical Engineering, University of Khartoum,  
  
2.  Mysara Eisa Mohyaldin,2003 
Rheological Properties of Nile Blend and their Application to 
Thermal/Hydraulic calculation of Heglig-Port Sudan Pipeline 
During Operation and Shutdown Conditions 
M.Sc. University of Petroleum, Beijing, China 
  
3.  http://tigger.uic.edu/~mansoori/Wax.and.Waxy.Crude_html 
  
4.  R. Venkatesan,et al ,2005 
 The Strength Of Paraffin Gels Formed Under Static And Flow 
Conditions ,  
Chemical Engineering Science 60 (2005) 3587 – 3598, ELSEVIER
  
5.  Howard A. Barnes, 1998 
The Yield Stress—A Review  
 J.Non-Newtonian Fluid Mech. ELSEVIER , 
  
6.  V. Illingworth, 1991 
Penguin Dictionary of Physics,  
Penguin Books, London.
  
7.  S.P. Parker, 1989 
 McGraw-Hill Dictionary of Science and Technology, 4th ed.,  
McGraw-Hill, New York. 
  
8.  T.C. Collocott , 1971  
Chambers Dictionary of Science and Technology,  
W.R. Chambers, Edinburgh.
  
9.  T. K. Perkins, J. B. Turner, 1971 
Starting Behavior of Gathering Lines and Pipelines Filled with 
Gelled Prudhoe Bay Oil, ,  
SPE 2997 
 Page84 
10. E.C. Bingham, 1922 
Fluidity and Plasticity,  
McGraw-Hill, New York,  
  
11. Casson, N., 1959.  
Rheology of Disperse Systems.  
Paragons, New York, 
  
12. T.C. Papanastasiou,1987  
Flows Of Materials With Yield,  
J. Rheol. 31(1987) 385–404. 
  
13. E. Mitsoulis, S.S. Abdali, 1993 
Flow Simulation Of Herschel–Bulkley Fluids Through Extrusion 
Dies,  
Can. J. Chem. Eng. 71 (1993) 147–160. 
  
14. D. De Kee, G. Turcotte, 1980 
Viscosity of Biomaterials,  
Chem. Eng. Commun.6 (1980) 273–282.
  
15. H. Zhu et al, 2005 
 Non-Newtonian Fluids With A Yield Stress, ,  
J. Non-Newtonian Fluid Mech. 129 (2005) 177–181, Elsevier 
  
16. 
 
Cheng Chang et al, 2000 
Influence of Thermal History on the Waxy Structure of 
Statically  Cooled Waxy Crude Oil, 
SPE Journal 5 (2), June 2000
  
17. C.C. Mills , 1959 
Rheology of Disperse Systems,  
Pergamon Press, Oxford. 
  
18. Scott Miles et al, 2002 
Characterization Of The Failure Modes Of A Gelled Waxy Oil 
During Pipeline Start-Up, 
Physical Fluid Dynamic Laboratory, Department of Mechanical 
Engineering, University of Utah, USA
  
 Page85 
19. A.P. SZILAS, 1975 
Production and Transport Of Oil And Gas,   
Elsevier Scientific Publishing Company  
  
20. M. Reiner, 1943 
Ten Lectures on Theoretical Rheology,  
Rubin Mass, Jerusalem.
  
21. R. Houwink, 1938 
The Yield Value, Chp. 4,  
Second Report on Viscosity and Plasticity,  
N.V. Noord-Hollandsche Uitgeversmaatschappij, Amsterdam,  
  
22. G.W. Scott Blair, 1949 
A Survey of General and Applied Rheology, 2nd ed.,  
Pitman, London 
  
23. W.L. Wilkinson, 1960 
Non-Newtonian Fluids—Fluid Mechanics, Mixing and Heat 
Transfer,  
Pergamon Press, Oxford, 1960. 
  
 
